Fragile X-associated tremor/ataxia syndrome (FXTAS) is an adult-onset neurodegenerative disorder that affects carriers, principally males, of premutation alleles (55-200 CGG repeats) of the fragile X mental retardation 1 (FMR1) gene. Clinical features of FXTAS include progressive intention tremor and gait ataxia, accompanied by characteristic white matter abnormalities on MRI. The neuropathological hallmark of FXTAS is an intranuclear inclusion, present in both neurons and astrocytes throughout the CNS. Prior to the current work, the nature of the associations between inclusion loads and molecular measures (e.g. CGG repeat) was not defined. Post-mortem brain and spinal cord tissue has been examined for gross and microscopic pathology in a series of 11 FXTAS cases (males, age 67-87 years at the time of death). Quantitative counts of inclusion numbers were performed in various brain regions in both neurons and astrocytes. Inclusion counts were compared with specific molecular (CGG repeat, FMR1 mRNA level) and clinical (age of onset, age of death) parameters. In the current series, the three most prominent neuropathological characteristics are (i) significant cerebral and cerebellar white matter disease, (ii) associated astrocytic pathology with dramatically enlarged inclusion-bearing astrocytes prominent in cerebral white matter and (iii) the presence of intranuclear inclusions in both brain and spinal cord. The pattern of white matter pathology is distinct from that associated with hypertensive vascular disease and other diseases of white matter. Spongiosis was present in the middle cerebellar peduncles in seven of the eight cases in which those tissues were available for study. There is inclusion formation in cranial nerve nucleus XII and in autonomic neurons of the spinal cord. The most striking finding is the highly significant association between the number of CGG repeats and the numbers of intranuclear inclusions in both neurons and astrocytes, indicating that the CGG repeat is a powerful predictor of neurological involvement in males, both clinically (age of death) and neuropathologically (number of inclusions).
Introduction
Fragile X-associated tremor/ataxia syndrome (FXTAS) is a recently discovered disorder that affects more than onethird of older adult male carriers of premutation alleles of the fragile X mental retardation 1 (FMR1) gene (Hagerman et al., 2001; Berry-Kravis et al., 2003; Jacquemont et al., 2003 Jacquemont et al., , 2004b Leehey et al., 2003; . Some female carriers also develop FXTAS Zuhlke et al., 2004; Berry-Kravis et al., 2005; Jacquemont et al., 2005) , although with much lower incidence than males (Berry-Kravis et al., 2003; Jacquemont et al., 2004b) . In addition to the core features of progressive intention tremor and gait ataxia, affected individuals commonly have parkinsonism, autonomic dysfunction, cognitive decline, emotional problems including disinhibition and apathy, and peripheral neuropathy (Jacquemont et al., 2003 (Jacquemont et al., , 2004a Bacalman et al., 2005) . MRI findings include global brain atrophy and white matter alterations manifested as increased T2 signal intensity in the subcortical regions and in middle cerebellar peduncles (MCPs) (Brunberg et al., 2002) , consistent with a previous report of spongiosis in the deep cerebellar white matter (Greco et al., 2002) .
Based on a carrier frequency of $1 in 800 carrier males and 1 in 260 carrier females in the general population (Rousseau et al., 1995; Dombrowski et al., 2002) , it is likely that as many as 1 in 3000 males will have a lifetime risk of developing FXTAS. Thus, FXTAS could be a common single-gene cause of tremor, ataxia and cognitive decline among older adults Jacquemont et al., 2004b) . How the clinical and neuropathological features of FXTAS correlate with the size of the CGG repeat within the premutation range is unknown. Such knowledge would improve our understanding of the disease mechanism and provide better estimates of disease prevalence and severity within the general population.
We previously reported neuropathological findings in four males who died with FXTAS (Greco et al., 2002) . Those findings included eosinophilic intranuclear inclusions in neurons and astrocytes throughout the cortex and in deep cerebellar nuclei, but not in Purkinje cells of the cerebellum. The inclusions appear as well-delineated, eosinophilic, 2-5 micron spheres that are PAS, silver, tau and synuclein negative, and ubiquitin and aB-crystallin positive (Greco et al., 2002; Iwahashi et al., 2005) . To provide a more systematic evaluation of the neuropathological changes in FXTAS and, in particular, to assess the variation in number and distribution of the intranuclear inclusions, we have analysed an additional seven cases of FXTAS post-mortem. The results of this analysis confirm the major histological features of the white matter disease, and establish the presence of inclusions as an essentially constant feature of FXTAS in males. Furthermore, within the current cases, there are highly significant associations between CGG repeat length and both the number of inclusions and the age of death.
Clinical and neuropathological summaries of the current series
Key clinical features of all 11 cases analysed to date are presented in Table 1 ; the corresponding neuropathological features are presented in Table 2 . Cases 1-4 have been presented previously (Greco et al., 2002) . The cases were all identified as grandfathers of children with fragile X syndrome. Two cases (10 and 11) are noteworthy for unusual features of involvement. For Case 10, with the most rapid decline to dementia of all of the patients in the current series, neuropathological examination revealed neurofibrillary tangles and neuritic plaques in numbers and distribution consistent with a diagnosis of intermediate stage Alzheimer's disease (NIA-Reagan criteria; Newell et al., 1999) , in addition to his diagnosis of FXTAS, as reported previously (Mothersead et al., 2005) . This patient demonstrated significant muscle weakness, muscle atrophy and shortness of breath in the late stages of his disease, and became obtunded and died from aspiration pneumonia after choking on liquids. Case 11, with the smallest CGG expansion (65 repeats, determined after death) of this series (Table 1) , displayed a very mild phenotype without noticeable tremor. From a clinical perspective, it would have been difficult to make a diagnosis of FXTAS in this case, since no MRI was performed before death, and since neurological symptoms (ataxia) appeared only within 1 year of death. Neuropathological features were also quite mild (Table 2) , and although several inclusions were observed in a manual scan of hippocampal neurons, they were quite rare (<1%) and were absent in the astrocytic population. There was no subcortical white matter pathology, nor was there spongiosis in the MCP or deep cerebellar white matter.
Methods

Pathology Autopsies
Brain autopsies of Cases 5-11 were performed in a standard fashion and in accordance with University of California, Davis, IRB approved protocols. Autopsies of Cases 1-4 were reported in Greco et al. (2002) . In most cases, one-half of the fresh brain was cut in coronal sections and frozen at À70 C, with the remaining half fixed in 10% formalin. In some cases, the entire brainstem and cerebellum were fixed in formalin for post-mortem MRI studies. After 2 weeks of formalin fixation, hemispheres were cut into 1 cm coronal sections. The brains were routinely sampled to include cerebral cortex, basal ganglia, hippocampus, midbrain, pons, middle cerebellar peduncles, medulla and cerebellum.
Histology and immunochemistry
Tissue blocks were processed for paraffin embedding in a standard fashion. Staining using haematoxylin and eosin (H&E), and luxol fast blue counterstained with periodic acid-Schiff (myelin), were performed according to the standard methods. Staining with silver (modified Bielschowsky) stain for axons was performed on selected cases (Greco et al., 2002) . Immunocytochemical staining using anti-ubiquitin, anti-glial fibrillary acidic protein (anti-GFAP), anti-CD68 (KP-1; Dako, Carpenteria, CA, USA), anti-LCA (CD-45; DakoCytomation, Denmark) and antineurofilament (Dako) antibodies was performed using methods reported previously (Greco et al., 2002) . Dual-label (MBP/ubiquitin) biquitin) immunostaining was performed using the avidin-biotin procedure, with anti-myelin basic protein antibody (SM 194; Table 1 Clinical and molecular profiles of the eleven cases described in the current study All scales of severity: normal or minimal abnormality (À), mild (+), moderate (++), extensive/severe (+++). Only cranial nerve 12 (CN XII) was sampled. NA, tissue not available for analysis, either because specific samples were unavailable or because fixation artefacts precluded further analysis. PVW, perivascular widening. Reference for NIA-Reagan criteria (Newell et al., 1999) .
Sternberger Monoclonals, Baltimore, MD, USA) visualized with DAB and the anti-ubiquitin antibody (Dako, Glostrup, Denmark) visualized with Vector Nova Red Substrate (Vector Laboratories, Burlingame, CA, USA). Appropriate positive and negative controls were employed for each antibody.
Intranuclear inclusion and cell counts
The percentages of neurons and astrocytes harbouring intranuclear inclusions were determined for frontal cortex, hippocampus and the ventral pontine region. Tissue blocks of frontal cortex, hippocampus and pons were obtained from 8 out of 11 male FXTAS patients (Cases 3, 4 and 6 had fixation artefacts that precluded further analysis of neuronal densities/inclusion counts) and 10 normal (no neurological disease), age-matched control subjects (5 male and 5 female). Control males were chosen to match the average age of the carrier male group. Ages of the control males ranged from 60 to 76 years. The analysis of cell counts and neuronal densities utilized those cases that had sufficient tissue for serial sectioning and were free of severe fixation artefacts that precluded stereological evaluation. Control cases were extracted from the pathology files at the University of California, Davis Medical Center Department of Pathology, in accordance with a UC Davis approved IRB protocol. Brain tissue samples were cut from the same region and, to the extent possible, in the same orientation to facilitate histological analyses. Tissue was paraffin embedded, sectioned at 10 mm and stained with H&E. Every fifth section was used for histological analysis, for a total of three tissue sections for each brain region.
Regions of interest (ROIs) were then outlined within the frontal cortex, hippocampus and ventral pontine region using a Nikon E600 microscope; an unbiased and random sample of neurons and astrocytes within these ROIs was used to estimate the percentage of cells with intranuclear inclusions. In the hippocampus, with well-defined morphological boundaries, three ROIs were outlined (CA1, granule cell layer and hilus). In the frontal cortex and ventral pontine region, well-defined ROIs could not be generated using cytoarchitectonic boundaries; therefore, ROIs were defined as a constant area within cortical grey and white matter and in the pontine nuclei. The area of the ROI outlined in the grey matter was set to 1.8 · 10 7 mm 2 , and encompassed cortical layers II-VI, while an area of 1.2 · 10 7 mm 2 was used in the cortical white matter ROI. The pontine ROI was set to an area of 4.0 · 10 6 mm 2 .
Cell identification within ROIs was carried out primarily on H&E stained sections using standard morphological criteria. Neurons were identified by their size; by large, centrally placed, round-toovoid nuclei with dense heterochromatin and nucleoli; and by their abundant cytoplasm. Astrocytes were identified by their irregular, ovoid nuclei with light euchromatin, their lack of nucleoli and the absence of cytoplasm. In most cases, neuronal and astrocytic nuclei were easily distinguished by the above criteria, with the added feature of astrocyte location (perivascular or immediately adjacent to neuronal cytoplasmic borders). In the small number of instances where cortical granular neuronal nuclei might be of the same size as astrocytic nuclei, and did not show nucleoli or obvious cytoplasmic borders, we relied on the chromatin pattern of the nucleus to distinguish between the cell types. These distinctions were also verified in separate GFAP staining experiments. Neurons bearing intranuclear inclusions were not otherwise structurally altered. Astrocytic nuclei containing inclusions were increased in size and showed a clear halo around the inclusion (Greco et al., 2002) . Oligodendroglial nuclei were distinguished as small, round, hyperchromatic nuclei that showed neither nucleoli nor cytoplasm. In addition to their diffuse distribution throughout white matter, oligodendroglia can closely oppose neuronal cell bodies. Eosinophilic intranuclear inclusions were identified as described previously (Greco et al., 2002) .
The optical fractionator probe in the Stereo Investigator software (Microbrightfield, Inc., Williston, VT) was used to overlay sampling grids across each ROI. Counting frames were then defined within the sampling grids, and neurons and astrocytes with and without inclusions that fell within the counting frames were counted using a ·100 oil immersion objective. Counting frames were set at 90 mm · 90 mm except for the hippocampal granule cell layer where they were 50 mm · 50 mm due to the increased granule cell density. The individual ratios of the number of neurons and astrocytes with inclusions to the total sample of each were determined (i.e. number with inclusions/total sample), and were then used to calculate the percentage of each cell type with inclusions (Tables 3-5 ). In addition, estimates of neuronal and astrocyte densities (cells/mm 3 ) within cortical ROIs were calculated from optical fractionator cell counts and Cavalieri volume measurements.
Because generalized brain atrophy has been associated with FXTAS, average cortical thickness was directly measured in the grey matter of the frontal cortex using the distance measurement functions of the Stereo Investigator software. Briefly, for each tissue section, three distinct lines were drawn from and perpendicular to the cortical surface, extending medially to the grey matter/white matter interface. The average lengths (mm) of the lines were used to estimate mean cortical thickness.
Statistical analyses
Estimates of neuronal and astrocytic densities in cortex and cortical grey matter thickness were compared between FXTAS patients and controls by analysis of variance (SPSS Inc, Chicago, IL, USA). Correlations were calculated between histological findings, molecular measures (e.g. number of CGG repeats, levels of FMR1 mRNA and FMRP) and clinical findings (e.g. age of onset of ataxia, age of death) using Spearman's rho (SPSS). For multiple correlations, the alpha levels for minimum statistical significance were adjusted to reduce the possibility of type I errors (i.e. familywise error rate) using Bonferroni's correction (Curtin and Schulz, 1998) , with separate (familywise) groupings of histological, molecular and clinical correlations. Molecular/inclusion correlations and statistical analyses were performed separately for each brain region (i.e. frontal, cortical grey, hippocampal CA1, etc.). The Benjamini-Hochberg procedure was also used to control for false discovery rate (Benjamini and Hochberg, 1995) . With both procedures, adjusted alpha levels ranged from 0.008 to 0.50 and yielded an identical set of statistically significant correlations for the data presented in this study.
Molecular measures
Genomic DNA and total RNA were isolated from peripheral blood leucocytes obtained prior to death, and from post-mortem sections of $500 mg of brain tissue using standard methods (Puregene and Purescript Kits; Gentra Inc., Minneapolis, MN, USA). Southern blotand PCR-based genotyping, and FMR1 mRNA quantification, were performed as described previously (Tassone et al., 2000b . Immunocytochemical detection of FMRP was performed on blood smears as described previously (Tassone et al., 1999) .
Results
Neuropathological examination of 11 cases confirms and further defines the prominent cortical and subcortical white matter pathology associated with FXTAS A prominent feature of the brains within this series was the presence of white matter disease in broad distribution within the cerebrum (Fig. 1 ) and cerebellum. On gross examination, for those cases where intact hemispheres or whole brains were available (Cases 1, 2 and 5-11), there was mild to moderate cortical atrophy and ventriculomegaly. Brain weights were within expected normal limits (1100-1700 g; average 1400 g), except for Case 6 (JS), where the weight was greatly decreased due to preservation in a non-formalin fixative. One case showed severe, gross white matter abnormalities (Case 7). Microscopic examination of cerebral white matter showed varying degrees of a similar pathological process in all cases where this tissue was available (e.g. Figs 2 and 3) except for Case 11, where only rare inclusions were observed. Of particular note was the presence of dramatically enlarged GFAPpositive astrocytes in white matter. Other abnormal features included variable degrees of spongiosis in subcortical and deep white matter, with corresponding axonal loss on Bielschowsky or neurofilament stain and myelin pallor on LFB-PAS stain. Glial cell loss varied in degree of severity with the above changes, and, uncommonly, axonal swellings (best observed with neurofilament staining) were identified (Fig. 4) . Abnormal MCPs and deep cerebellar white matter disease were present in all cases where these tissues were available (except for Case 11), and demonstrated spongiosis with rare axonal spheroids and myelin pallor on LFB-PAS stain. Purkinje cell loss ranged from mild to severe, and was accompanied by corresponding Bergmann gliosis; cases showing moderate to severe loss of Purkinje cells were considered abnormal for age.
The second prominent feature of the brains was the widespread presence of intranuclear neuronal and astroglial inclusions, as described previously (Greco et al., 2002) . These were seen diffusely in cortex, basal ganglia, thalamus, substantia nigra, inferior olivary and dentate nuclei, generally sparing only cerebellar Purkinje cells (rare Purkinje cell inclusions were identified in Case 9). Importantly, inclusions could not be found in the oligodendroglial population; double-immunolabelled (MBP/ubiquitin) sections, for oligodendroglia and inclusions, respectively, failed to detect any inclusions in over 600 oligodendroglial nuclei counted (Fig. 5) . Intranuclear inclusions were also rare in pontine . This case showed severely affected cerebral white matter both grossly and microscopically. Involvement appears as subcortical regions of pale grey discolouration (arrows). These changes were present throughout the cerebral white matter. Note that periventricular white matter is spared. Brain (2006) , 129, 243-255 neurons, although they were frequently observed in pontine astrocytes. Inclusions were easily identifiable in all cases (Cases 1 through 10) except Case 11 (smallest CGG repeat expansion), where only a few neuronal inclusions were detected by direct visualization of ubiquitin immunostained slides. In Cases 1, 2 and 5-10, ependymal and choroid plexus nuclei also showed intranuclear inclusions. Intranuclear inclusions were identifiable in cranial nerve nucleus XII for Cases 6 and 7, 2 out of 6 of the cases where appropriate tissue was available (Cases 5-9 and 11). In Cases 2 and 5-8, for which spinal cord was available, astrocytic intranuclear inclusions were diffusely present in all cases; intranuclear inclusions were identified in autonomic neurons, but not motor neurons, in Cases 5-8 (4 out of 5 cases).
Neuropathology of FXTAS
Histological (stereological) findings establish a relationship between CGG repeat length and the numbers of inclusions among cases of FXTAS
The number of neurons and astrocytes with intranuclear inclusions (actual counts and percentages) are presented in Tables 3-5 for cerebral cortex, hippocampus and the ventral pontine region, respectively. No inclusions in neurons or astrocytes were observed for any of the control subjects, and no inclusions were observed in the cytoplasm of neural cells. Furthermore, no intranuclear inclusions were seen by stereological analysis (H&E) for the subject with the lowest CGG repeat expansion (Case 11; 65 CGG repeats). In general, more intranuclear inclusions were observed in astrocytes than in neurons (the hippocampal CA1 subregion was an exception), although there was a great deal of variability across subjects. For example, as shown in Table 3 , the mean percentage of neurons with inclusions for cortical grey matter was 4.4% (range 0-12.1%), whereas 16.7% (range 0-35.2%) of cortical astrocytes possessed inclusions.
Analysis of molecular correlation with inclusion counts
A series of correlations (Spearman's rho) were calculated between histological findings and molecular measures (e.g number of CGG repeats, levels of FMR1 mRNA and FMRP). Representative plots from these correlations are displayed in Fig. 6 . Significant correlations between the percentage of neurons with inclusions and the number of CGG repeats were found for several brain regions, including cortical grey matter (rho = 0.874, P = 0.005), CA1 pyramidal neurons in hippocampus (rho = 0.929, P = 0.003) and hippocampal granule cells (rho = 0.964, P < 0.001). Similar correlations between the number of CGG repeats and the percentage of astrocytes with inclusions were significant in the cortical grey matter (rho = 0.886, P = 0.003), the CA1 subregion of the hippocampus (rho = 0.893, P = 0.007) and the cortical white matter (rho = 0.814, P = 0.01). Correlations between number of inclusions and CGG repeats for the remaining brain regions demonstrated similar trends, but, presumably due to the small numbers of inclusions, did not reach statistical significance. Significant inter-cell-type correlations were also observed for the percentage of neurons versus astrocytes with inclusions in cortical grey matter (rho = 0.786, P = 0.02), hilus (rho = 0.821, P = 0.02) and in the CA1 region of the hippocampus (rho = 0.821, P = 0.02); the comparison only approached significance in the granule cell layer (rho = 0.750, P = 0.05).
Although there were apparent correlations between the percentage of hilar neurons with inclusions and levels of FMR1 mRNA (rho = À0.829, P = 0.04) and between the percentage of inclusion-bearing hilar neurons and levels of FMRP (rho = 0.812, P = 0.05), these correlations were no longer statistically significant following correction for multiple comparisons. Correlations between percentage inclusions and peripheral blood leucocyte FMR1 mRNA or FMRP levels in the other brain regions were not statistically significant. This last observation is not surprising in view of the large differences between expression levels in brain and blood, and the dramatic region-specific differences in FMR1 mRNA levels in brain .
Analysis of clinical correlations with inclusion counts
The most striking clinical-molecular correlation (Fig. 7) is the significant decrease in age of death with increasing CGG repeat length (n = 10; rho = À0.896; P < 0.001). Age of tremor onset was not significantly correlated with CGG repeat length, and the initial negative correlation between age of ataxia and CGG repeat length was not significant after correction for multiple outcomes (rho = À0.663, P = 0.03). The correlation between the age of onset of ataxia and age of death was significant (rho = 0.747, P = 0.008), but not age of tremor onset with age of death (rho = 0.739, P = 0.06). The following six correlations were significant before, but not after, correction for multiple outcomes was carried out: negative correlations between the age of death and the percentages of inclusionbearing neurons in subregions of the hippocampus (granule cell layer: rho = À0.793, P = 0.03; CA1: rho = À0.757, P = 0.05) and frontal cortical grey matter (rho À0.826, P = 0.01) and negative correlations between age of death and the percentages of inclusion-bearing astrocytes in subregions of the hippocampus (hilus: rho = À0.811, P = 0.03; CA1: rho = À0.793, P = 0.03) and frontal cortical grey matter (rho = À0.802, P = 0.02).
Discussion
The current study provides a description of the degenerative cerebral white matter disease that corresponds to previously described MRI changes in FXTAS (Hagerman et al., 2001; Brunberg et al., 2002; Jacquemont et al., 2003; Leehey et al., 2003) . Histological changes in cerebral white matter of individuals with FXTAS are distinct from those seen with ischaemia, hypertension, multiple sclerosis, gliosis associated with chronic inflammatory diseases, and cerebral autosomal dominant arteriopathy with subcortical infarcts and leucoencephalopathy (CADASIL) (Kalimo et al., 1999) . Given the patchy loss of axons, myelin and attending glia in FXTAS, we postulate neuronal and/or glial dysfunction as causal or contributory in the face of normal cortical thickness and neuronal counts, as compared with normal controls. Seven of eight cases with MCP tissue available for analysis (none was available for three cases) showed spongiosis. The MCP is the major afferent pathway into the cerebellum from the pons, predominately arising from pontine neurons. We hypothesize that degenerative changes in the peduncles reflect early damage to the pontine neurons or afferents to those neurons. Purkinje cell dropout, greater than normal ageing in all cases, except Case 11, where cerebellar cortical tissue was available for examination, may be secondary to the diminished input from the pontine neurons or from a more direct toxic RNA effect in the Purkinje cells (Greco et al., 2002; . The deep cerebellar white matter spongiosis, which includes both axonal and myelin loss, may reflect involvement of both afferent and efferent axonal fibres.
In this regard, it is interesting that there is a relative paucity of inclusions in the pontine neurons. However, in light of a trend towards reduced pontine volume, we do not consider the small numbers of inclusions to be a sign of sparing of those neurons. Indeed, inclusions are only rarely observed in Purkinje cells, although that cell population suffers substantial loss in FXTAS cases.
Pathological characterization of cerebral white matter disease shows clearly identifiable abnormalities in 6 out of 7 cases (7 out of 11 cases had sufficient cerebral white matter available for the analysis). These changes range from microscopic white matter pallor to severe white matter degeneration, primarily in the subcortical white matter, with involvement of arcuate fibres and sparing of periventricular white matter. The involved areas showed varying degrees of spongiosis with both myelin and axonal loss, although we have not as yet assessed the relative degrees of axonal and myelin pathology. This pattern of white matter pathology is distinct from that associated with hypertensive vascular disease, which characteristically involves basal ganglia to a greater degree than cerebral white matter and does not involve arcuate fibres. Pathological features seen with hypertension usually include arterial wall hyalinosis, widened perivascular spaces and parenchymal rarefaction around the abnormal small arteries and arterioles. While mild vessel wall changes were present in cerebral white matter in nearly all of our cases, such changes were not accompanied by perivascular parenchymal rarefaction. Vessels of the basal ganglia were spared of hypertensive changes except in Case 5, which had pathological changes attributable to hypertensive cardiovascular disease in the form of multiple cerebral infarcts.
There is clear evidence of inclusion formation in cranial nerve nucleus XII; other cranial nerve nuclei were examined in our routine sections, but did not show inclusions. We plan further examination of brainstem nuclei with serial sections to further document autonomic involvement in FXTAS. Inclusions were also observed in autonomic neurons of the spinal cord, with sparing of the motor neurons of the spinal cord. These observations are consistent with the frequent occurrence of autonomic dysfunction among cases of FXTAS. Such involvement can include orthostatic hypotension, hypertension, impotence and incontinence of bowel and bladder (Hagerman et al., 2001; Jacquemont et al., 2003 Jacquemont et al., , 2004a . Involvement of cranial nerve XII is consistent with swallowing problems in advanced FXTAS, with choking and aspiration pneumonia contributing to death in some cases.
The psychiatric problems (e.g. depression, anxiety and mood instability/outburst behaviour) encountered by FXTAS patients are also common in the current series (Bacalman et al., 2005) . This association is likely related to the significant involvement of the limbic system with prominent inclusion formation in the hippocampus. High levels of FMR1 mRNA have previously been demonstrated in the hippocampus . While cognitive impairment in FXTAS is consistent with the neuropathological findings reported for this series of cases, the broad distribution of inclusions and white matter disease, and the substantial loss of cerebellar Purkinje cells, preclude the association of cognitive deficits with any single factor or locus.
Cognitively, individuals with FXTAS typically show few signs of focal cortical deficits. Preliminary indications are that language is essentially normal and measures of verbal reasoning are not severely involved (Grigsby et al., 2005) . The primary areas of impairment appear to be in working memory, information processing speed, declarative learning and executive cognitive functioning (ECF) (Grigsby et al., 2005) . This is a somewhat non-specific pattern of deficits, and while lesions of dorsolateral prefrontal cortex may result in cognitive decline in these areas of functioning, ECF is mediated by a complex network involving other structures including the anterior cingulate gyrus, cerebellum, basal ganglia and mediodorsal thalamus (Luria, 1966 (Luria, ,1980 Stuss and Benson, 1986; Alexander and Crutcher, 1990; Fuster, 1997; Middleton and Strick, 1997; Scarnati and Florio, 1997) . The loss of Purkinje cells in the cerebellum, for example, might interfere with learning and ECF (Leiner et al., 1986; Schmahmann, 1991; Ivry and Baldo, 1992) . Moreover, Tullberg et al. (2004) suggest that white matter lesions, Fig. 7 Negative correlation between the age of death and CGG trinucleotide repeat number for 10 male FXTAS patients (filled circles). The single open circle was not included in the regression since that individual (Case 3) died of drowning (Greco et al., 2002) ; inclusion of the latter case would still have resulted in a highly significant correlation (P = 0.005).
regardless of their location, may affect frontal lobe metabolism and the executive cognitive abilities. Finally, the significant proportion of hippocampal cells containing inclusions suggests the possibility that this pathology may be associated with memory deficits. Such problems may also be secondary to problems with working memory, or to the capacity for active learning and retrieval, affected adversely by ECF disorders.
The most striking finding of the current study is the highly significant association between the number of CGG repeats and the numbers of intranuclear inclusions in both neurons and astrocytes. An equally dramatic inverse correlation was also demonstrated between CGG repeat number and age of death. Even in this small sample of subjects, CGG repeat length appears to be a powerful predictor of neurological involvement in males, both clinically with age of death and neuropathologically with number of inclusions. It is encouraging that the lowest repeat number (65 repeats, Case 11) had mild neurological deficits that developed quite late (80s), with only a few inclusions seen post-mortem. This graded degree of clinical involvement would point to a downward estimation for the number of carriers in the general population who may develop FXTAS.
Although the precise mechanistic relationship between CGG repeat size and either inclusion formation/ neuropathology or clinical involvement is still unclear, the absence of FXTAS in adults with fragile X syndrome (where the FMR1 gene is silent) indicates that gene activity is important for disease formation and is likely a toxic gain-offunction of the FMR1 mRNA itself (Hagerman et al., 2001; Greco et al., 2002; Jacquemont et al., 2003; . Such a gain-of-function could arise as a result of the abnormally increased levels of FMR1 mRNA in carriers of premutation alleles (Tassone et al., 2000a, b; Kenneson et al., 2001) or the presence of the expanded repeat in the mRNA, or that an increasing proportion of mRNAs become extended at their 5 0 ends due to a shift to transcriptional initiation further upstream with increasing CGG repeat length (Beilina et al., 2004) . The current study does not, however, directly address the role of FMR1 mRNA in the pathogenesis of FXTAS. A significant correlation between mRNA levels and numbers of inclusions was only demonstrated in hilar neurons, and could therefore be due to false discovery (type I error). The apparent lack of a stronger association may be due not only to the variation in FMR1 mRNA levels in different parts of the brain , but also to the fact that mRNA levels are measured in peripheral leucocytes. We were not able to obtain non-degraded (brain) FMR1 mRNA from most of the samples, many of which were available only as fixed tissue.
Two animal systems have been developed to investigate the pathogenesis of FXTAS: a knock-in mouse model in which an expanded CGG repeat element ($100 CGG repeats) replaced the smaller CGG repeat within the homologous mouse (Fmr1) gene (Willemsen et al., 2003 ) and a Drosophila model in which a $90 CGG repeat was placed 5 0 to an unrelated reporter gene driven by an eye-specific promoter (Jin et al., 2003) . There are distinct differences in the nature and distribution of inclusions between each model and FXTAS, suggesting that some aspects of the pathogenesis of FXTAS are intrinsically different from the phenotypes observed in mouse and fly. In the mouse, no inclusions are observed in astrocytes, in stark contrast to human studies where the percentages of astrocytic inclusions often outnumber corresponding numbers for neurons. If a component of FXTAS pathogenesis in humans were due to astrocytic involvement, as now seems evident, it would explain the much milder neuropathology in the mouse (Van Dam et al., 2005) . In the Drosophila model, substantial numbers of inclusions are present in the cytoplasm. In human tissue, not a single inclusion was observed in the cytoplasm in over 20 000 neuronal and astrocytic cells counted; all of the more than 1600 inclusions scored were intranuclear. Thus, although the animal models should prove useful in understanding some aspects of the pathogenesis of FXTAS, the differences suggest that at least some of the trans-acting factors involved in FXTAS may not be present-or functioning in the same manner-in the fly or the mouse.
The cases described in the current study display a spectrum of involvement, both clinically and neuropathologically, suggesting that additional protective and/or exacerbating factors (genetic and/or extrinsic) may modulate the effects of the CGG repeat element. One patient (Case 10), with the most rapid downhill course, also displayed features consistent with Alzheimer's disease (for more details on psychological testing see Mothersead et al., 2005) . Case 11 (with the smallest repeat expansion) represents an example of an older premutation carrier who manifested few of the clinical features characteristic of FXTAS. In this subject, there is little evidence of neuropathology, with only rare inclusions, and no evident cerebral or cerebellar white matter disease. Although further study is necessary to fully assess the effects of low-end premutation alleles on the eventual development of FXTAS, the current results suggest that, with many cases displaying a mild phenotype, the overall clinical prevalence of FXTAS may be significantly lower than that estimated by the overall frequency of premutation alleles.
